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ABSTRACT

At the Salton Sea Geothermal Field (SSGF) in Southern California, surface deformation associated with geologic processes including
sediment compaction, tectonic strain, and fault slip may be augmented by energy production activities. Separating the relative
contributions from natural and anthropogenic sources is especially important at the SSGF, which sits at the apex of a complex tectonic
transition zone connecting the southern San Andreas Fault with the Imperial Fault; but this has been a challenging task so far. Here we
analyze vertical surface velocities obtained from the persistent scatterer INSAR method and find that two of the largest subsidence
anomalies can be represented by a set of volumetric strain nuclei at depths comparable to geothermal well completion zones. In contrast,
the rates needed to achieve an adequate fit to the magnitudes of subsidence are almost an order of magnitude greater than rates reported
for annual changes in aggregate net-production volume, suggesting that the physical mechanism responsible for subsidence at the SSGF
is a complicated interplay between natural and anthropogenic sources.

1. INTRODUCTION

Subsidence is a phenomenon common to industrial development of geothermal energy fields, where in most cases only a fraction of the
volume of water or steam extracted from the reservoir is re-injected, which induces localized volumetric strain changes. An extreme
case is the Wairakei—Tauhara field in New Zealand, where recent subsidence rates are on the order of 100 mm yr'1 over an area of <10
km?, and peak rates have been nearly five times that prior to subsidence-mitigation efforts (e.g., Allis, et al., 2009). Even though
deformation associated with focused subsidence can be measured with high accuracy using geodetic methods, it is difficult to quantify
the relative contribution from geothermal activities at locations where surface deformation is also influenced by geologic processes such
as sediment compaction, and seismic or aseismic fault slip.

The Salton Sea Geothermal Field (SSGF) is an example where separating natural and anthropogenic sources of subsidence is indeed
difficult. Located at the southern end of the Salton Sea, in southern California, the SSGF represents the second largest producer of
geothermal energy in the state, behind The Geysers, and utilizes only a fraction of the available resource potential (Klein et al., 2004).
The SSGF is also located at a tectonic transition zone between the San Andreas and Imperial faults, characterized by a complex pattern
of transtensional deformation (e.g., Brothers et al., 2009) and intense seismicity (e.g., Shearer et al., 2005); this is known as the Brawley
Seismic Zone (BSZ; Figure 1). Surface deformation at the SSGF represents a mixture of signals from sediment compaction, and seismic
and aseismic fault slip (e.g., Lohman and McGuire, 2007), and possibly production-related effects. However, it has been difficult to
separate these signals because spatially dense geodetic surface deformation estimates are difficult to obtain: agricultural activities in the
area create a paucity of stable monuments to either deploy Global Positioning System (GPS) measurements at (e.g., Crowell et al.,
2013), or for radar interferometry (InSAR) (e.g., Wei and Sandwell, 2010).

Despite these complications it is important to quantify the various contributions to the observed deformation field in order to improve
assessments of possible triggering hazards at the southern San Andreas Fault (SAF) (e.g., Brothers et al., 2011). Radar data from Eneva
et al. (2012) show a spatially coherent pattern of subsidence at the SSGF, with a peak rate of nearly 32 mm yr' greater than background
rate — a rate comparable to the magnitude of the relative velocity between the Pacific and North American Plates (Figure 1), for
example. Barbour et al. (2016) study these velocity estimates in detail, finding that fault slip cannot account for the magnitude and
spatial details of the surface deformation; rather, the best agreement comes from a simple model of volumetric strain in a homogeneous
poroelastic medium, and they propose that the observed surface velocity anomalies at the SSGF are dominated by strains induced by
depletion of the geothermal reservoir. Since ~1989 the SSGF has re-injected roughly 80% of the reservoir brine produced. In this paper
we explore a new set of modeling scenarios to test the hypothesis that depletion of the reservoir varies in space, rather than being
focused at a single location.

2. MEASURED SUBSIDENCE AT THE SSGF

Eneva et al. (2012) applied the persistent scatterer InNSAR (PS-InSAR) method to ascending and descending radar acquisitions from the
Envisat satellite between 2003 and 2010, revealing two major anomalies in the relative vertical velocity field at the SSGF corroborated
by TerraSAR-X data and leveling surveys. The spatial details of the PS-InSAR anomalies resemble a pattern expected for declining
pressures in an idealized fluid reservoir (e.g., Geertsma, 1973; Segall, 1985); however, complex tectonics at the southern end of the
Salton Sea suggest that natural causes might also be important. The present paper attempts to differentiate between anthropogenic and
natural subsidence in the SSGF.
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Figure 1: Features in the Brawley Seismic Zone in Southern California, a transition between the southern San Andreas
Fault and the northern Imperial Fault. The Salton Sea Geothermal Field is located within the polygon showing
the extent of Envisat PS-InSAR data (Eneva et al., 2012) used in this study (Figure 3). Maximum compressive-
stress orientations (bars) are from focal mechanism inversions (World Stress Map), horizontal GPS velocities
(arrows) are from Crowell et al. (2013), and relocated earthquakes (dots) are from Yang, Haukkson, and Shearer
(2012).

When the relative PS-InSAR velocity estimates are tied to independent estimates of vertical velocity at the nearest continuous GPS
station (P507) at a local volcanic outcrop, Red Hill, the absolute rate of ground subsidence reaches ~ 42 mm yr' and ~ 52 mm yr™' at the
center of the two respective subsidence anomalies (see Figure 3A). Whereas the larger anomaly is located between a cluster of injection
wells and a cluster of production wells, the smaller anomaly is coincident with wellheads for Vonderahe 1 (Calif. API 025-90633) and
Sinclair 10 (Calif. API 025-90871) — Vonderahe 1 is the largest producer of both energy and fluid mass in the entire field.

3. SOURCES OF SUBSIDENCE

From a simplified perspective, the set of plausible mechanism(s) explaining the high rates of focused subsidence at the southern end of
the Salton Sea include

Sediment compaction and diagenesis

Seismic or aseismic moment release (fault slip)

Cooling of recent magmatic intrusions

Thermoelastic effects from geothermal energy production at the SSGF
Poroelastic effects from production-induced fluid losses at the SSGF

LR Wb

Any combination of sources 1 — 5 could contribute to the total observed field at the surface, and here we outline reasons why some of
these mechanisms are unlikely.

3.1 Sediment compaction and diagenesis

At the SSGF and elsewhere in the Salton Trough, continental crust is overlain by nearly 6 km of sedimentary material, at various stages
of metamorphism (Younker et al., 1982). The sedimentation depocenter, where fluxes are greatest, is beneath the Salton Sea at its
southern end (Brothers et al., 2009). As sediment is deposited the material undergoes an inelastic reduction in pore-space by chemical
and mechanical processes, causing uniform vertical strain and displacement of the deposition surface, and either a loss of pore fluid or,
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if the material is undrained, an increase in pore pressure at depth. At depths less than a few kilometers the dominant mechanism will be
mechanical compaction, for which the associated subsidence depends largely on the accumulation rate, material density, and fluid
saturation of the sedimentary material.

Compaction rates in deltaic plains, for example, are not much larger than a few millimeters per year (Meckel, ten Brink, and Williams,
2007), but these do not account for plasticity effects associated with diagenesis. In a high temperature environment, diagenesis will
contribute to pore space collapse where thermal gradients are largest, at depths less than 600 m to 700 m in the SSGF. Even though
thermal gradients vary across the SSGF field, there is little evidence (Younker, et al., 1982) for the existence of short-wavelength
variations needed — less than a few km across — to explain the focused subsidence.

Assuming steady rates of homogeneous sedimentation flux, the depth profile of porosity, ¢(z), depends on the porosity of the material
at the deposition surface, @, = @(z = 0), and the effective stress (lithostatic stress minus pore pressure) in the rock, ¢’'(z); to first-
order accuracy this relationship (known as Athy’s law) for a fluid-saturated porous medium is expressed (Smith, 1971) as @(z) =
poe P '@, where {3 is the compressibility of the solid matrix. Porosity changes inferred from this model applied to shale layers in the
Gulf of Mexico, for example, are consistent with ¢, = 0.386 and B = 0.0313 MPa™ (Zoback, 2010). Even though compaction
processes are certainly responsible for some proportion of the background subsidence rate, sediment deposition is relatively uniform
across the basin, as is reflected in conceptual models of the reservoir and thermal cap (e.g., Hulen et al., 2002). Again, there would need
to be lenses of material having both strong differences in density and/or porosity and spatial dimensions needed to produce focused
subsidence.

3.2 Moment release

Slip on high-angle normal faults is a strong candidate for explaining the observed subsidence. Barbour et al. (2016) explore the
possibility that subsidence in the PS-InSAR is due entirely to (a) slip on two major fault structures cutting across the SSGF (i.e., the
faults in Lohman and McGuire, 2007; and McGuire et al., 2015), and (b) coseismic moment release from the observed seismicity. They
find that neither possibility is a sufficient mechanism for generating the observed surface deformation rates. Besides the unacceptably
high levels of misfit between models and observations, their test results show either unphysical slip rates [in the case of (a)] or small
effects at the surface [in the case of (b)], and poor spatial agreement (in both cases). The observed deformation cannot be attributed to
cumulative strain from seismic moment release assuming a crustal shear modulus of 10 GPa (Figure 2), implying that most of the
observed deformation must be from aseismic deformation.
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Figure 2: Subsidence and tilt rates associated with seismic moment release from 2003 to 2010, calculated from double-
couple mechanisms (Yang et al., 2012) in an elastic halfspace (Okada, 1985). The largest contribution to surface
deformation comes from the M5.1 mainshock of the 2005 Obsidian Butte seismic swarm (e.g., Lohman and
McGuire, 2007).

It could be the case that crustal faults in this region are much smaller and more pervasive than considered here. However, given that the
largest earthquake measured near the SSGF since production began is the 2005 MS5.1, which was preceded by an aseismic slip transient
equivalent to M5.7 (Lohman and McGuire, 2007), crustal scale faults accommodating distributed tectonic strain across the BSZ are
likely much longer (> 20 km) than the predominant wavelengths seen in the PS-InSAR subsidence anomalies (< 5 km). The slip rates
required to explain the observed subsidence with a set of small-scale faults would need to be much larger than rates on faults below the
Salton Sea, which paleoseismic evidence indicates are the most active in the region (Brothers et al, 2009). Detailed fault maps with
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estimates of slip-rate are needed to investigate this further, since most of the faults imaged by McGuire et al. (2015) are active in the
shallow crust (< 1 km depths).

Although we may expect some contribution to subsidence from the motion of crustal blocks, there is a lack of surface expression of
faults in the Salton Trough except during triggered slip episodes (e.g., Rymer et al., 2011), indicating that slip rates on any of the buried
faults in the BSZ must be equal to or less than the greatest sediment accumulation rate. At the offshore depocenter, sediment
accumulation rates are somewhere between 10 and 20 mm yr™' (Brothers et al., 2009), but rates elsewhere in the region are only a few
mm yr’' (Van De Kamp, 1973), which places strong geologic-based upper bounds on long-term slip rates in the BSZ. Wright et al.,
(2015) study the eruption history of the volcanic buttes at the southern Salton Sea, and infer a sedimentation rate of 8 — 9 mm yr’' based
on shallow drill holes near Obsidian Butte. Furthermore, borehole logs from the SSGF indicate that reservoir cap rock (between 80 m
and 300 m depths) is intact across much of the field, showing no significant fault-related offsets (Hulen et al., 2003), which indicates
that hydrothermal sealing of the clay-rich cap rock is rapid compared to fault slip rates.

3.3 Magmatic sources

Crystallization and cooling of magmatic bodies could be the source of ongoing thermoelastic strain, leading to subsidence at the surface.
Hulen and Pulka (2001) document a pair of extrusive rhyolites similar in composition to the Salton Buttes (e.g., Obsidian Butte) within
the geothermal reservoir, buried at ~1.6 km with a thickness of 150-300 m and limited lateral extent. According to the mapped locations
of these volcanic bodies, it may be possible that they contribute to the largest subsidence anomaly in the PS-InSAR data, but these
bodies appear to be fully cooled. Recent geochronology of mid to late-Holocene volcanic intrusions (Wright, et al., 2015), however,
suggest that there may be unmapped rhyolite bodies that have not been accounted for.

Schmitt and Hulen (2008) estimate that subsidence rates associated with the buried rhyolitic bodies at the SSGF are less than 5 mm yr’',
which is nearly an order of magnitude less than the observed rate. Alternatively, if these bodies were to generate more than 50 mm yr”!
at the surface directly overhead by thermal contraction at the documented depths, their effective radii would need to reduce by an
amount nearly equivalent to their thickness each year, according to a simple volumetric point-source model (Mogi, 1958) with a
Poisson’s ratio of 0.25 — fulfilling this requirement would produce unphysical strain rates and temperature changes in the rhyolite,
assuming a coefficient of thermal expansion of ~107° °C.

There could be cooling of deeper plutonic rock contributing to surface deformation, since the SSGF is located at the apex of an active
rift zone, but this source appears to be at depths > 8 km (e.g., Lachenbruch et al., 1985, Hulen et al., 2002) and should not produce
short-wavelength, focused subsidence patterns like those in the PS-InSAR data.

3.4 Thermoelastic effects from energy production

Although thermoelastic deformation at the surface might be expected, as energy is harvested from the geothermal reservoir, the data
needed to constrain the size of this effect are limited or proprietary. Wellhead temperatures are available, but these are not
straightforward representations of reservoir temperature, and cannot be relied upon to assess long-term temporal changes in temperature.
Energy production at the SSGF is only a fraction of the geothermal resource potential (Klein et al., 2004), which implies that
temperatures would remain relatively stable with relatively constant rates of production from a system with significant vertical
permeability structures and vigorous hydrothermal circulation (Norton and Hulen, 2006).

For comparison, deformation at The Geysers Geothermal Field is largely driven by poroelastic stress changes (Mossop and Segall,
1997, 1999) even though the field is steam dominated and has undergone varying rates of reservoir depletion (Sanyal and Enedy, 2011).
At the SSGF, thermoelastic deformation would be most apparent at colder-water injection sites (e.g., Kasameyer and Schroeder, 1976;
Segall and Fitzgerald, 1998), but this is not obvious in the PS-InSAR data. We performed statistical tests of the mean difference in
subsidence rates at both injection and production wells, and do not find evidence of any significant difference between populations.

3.5 Poroelastic effects from energy production

Injection and production data from the SSGF from the DOGGR (Division of Oil, Gas and Geothermal Resources, 2015) indicate that the
field has operated under net-production conditions (i.e., production mass rates exceed injection rates) since the majority of active wells
were drilled and completed around 1989. This has led some to try and establish a connection between production volumes and
seismicity rate changes using stochastic models (e.g., Brodsky and Lajoie, 2013), but the data at hand may not be sufficient to establish
a causative relationship, and an observed correlation may be due to a complex set of physical interactions (e.g., Segall and Liu, 2015;
Trugman et al., 2016).

We hypothesize that poroelastic contraction is the most likely mechanism to explain focused subsidence in this region. That is — as
fluid-mass is removed from the reservoir, the interplay between volumetric strain changes and pore-fluid pressure is large compared to
thermal stresses. For an approximately constant rate of extraction and insufficient reinjection and natural recharge to make up for these
fluid losses, this interaction predicts an overall decrease in pore pressure over time, with subsidence at the surface resulting from
volumetric contraction that is concentrated at reservoir depths. The spatial pattern in deformation at the free surface will be axially
symmetric if the dimensions of the source are much smaller than the depth (e.g., Segall, 1985).
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Figure 3: Observed, kriged, and modeled subsidence at the SSGF. (A) Vertical velocities from Envisat PS-InSAR (2003-
2010) with locations of active injection and production wells (see Section 2). (B) Interpolated velocity field from a
cross-validated, empirical Bayesian kriging method, with coseismic deformation rates removed. (C) Best-fitting
velocity field based on four nuclei of strain in a poroelastic halfspace (e.g., Segall, 1985). (D) Residual velocity
field (the kriged field minus the modeled field) with locations of active injection and production wells. All
velocities are in units of mm yr'. Map projections are UTM-11N.

Here we test the poroelastic hypothesis by considering multiple volumetric sources, meant to represent differing characteristics of the
reservoir (Hulen et al., 2002, 2003) and possible shallow effects unrelated to production. We use the same material property
assumptions used as in Barbour et al. (2016), specifically a Skempton’s coefficient of 0.9 and a fluid density of 950 kg m®, and modify
our inversion scheme to include three additional sources in the model domain. The locations of the additional sources are chosen based
on residual anomalies from the single-source model in Barbour et al. (2016), at the location of the largest anomaly. Each source is
represented by a source depth and mass loss rate (called strength, below), which is solved for by inversion. We solve the non-linear
inverse problem using the Levenberg-Marquart (LM) method applied to the PS-InSAR velocities corrected for coseismic moment
release. The LM method is a damped iterative procedure that minimizes the sum of the squared error between the data and the model.
The best fitting velocity field is shown in Figure 3, with a residual standard error of 3.0 mm yr!, which is on the order of the median
uncertainty in the kriged velocity estimates.

4. DISCUSSION

Although the results shown in Figure 3 are a good representation of the observed velocity field, there are a few important issues to
consider when interpreting these results. First, the choice of source locations is based on peaks in the anomaly field, which is somewhat
arbitrary; but this is a more defensible approach than Trugman et al. (2014) take in fitting surface deformation at the Cerro Prieto field,
where a dense field of point sources is prescribed at a fixed depth (effectively linearizing the problem by ignoring depth effects). Their
approach is prone to inversion artifacts (e.g., over-fitting), and is inconsistent with details of the Cerro Prieto field, which show a
progressive deepening of isotherms and lithofacies to the northeast (Truesdell and Lippmann, 1990; Truesdell, et al., 1997), for
example. Secondly, there is an inherent tradeoff between the strength and depth of each source, and interplay between parameters for
each source; this implies that careful analyses of probability are needed to evaluate the resulting parameters.

To address interplay between parameter estimates, we calculate likelihood surfaces and 95% confidence intervals (i.e., Beale, 1960) for
each parameter pair. Figure 4 shows these tradeoff surfaces for all combinations of the four mass loss rates, the range representative of
the SSGF calculated from monthly injection and production data (Division of Oil, Gas and Geothermal Resources, 2015), and the range
from previous results using a single source (i.e., Barbour et al., 2016). As the likelihood contours show, there is a global maximum for
sources 1 and 2, which represent the two largest subsidence anomalies. This suggests that a single physical mechanism is responsible for
sources 1 and 2, or that they share common fluid pathways (e.g., Kasameyer et al., 1984). We note that source 2 is directly below
production at Vonderahe-1 but that no production wells are located at source 1.

Figure 5 shows tradeoff surfaces for all combinations of the four source depths, and the range from previous results using a single
source (i.e., Barbour et al., 2016). Here, as for the mass loss rates (Figure 4), a strong global maximum in likelihood space can be seen
for sources 1 and 2, but nowhere else. This again suggests that sources 1 and 2 result from the same physical mechanism. Furthermore,
because the depth of source 1 — below the largest anomaly — is comparable to the single-source results, we have confidence that there is
a mechanism of volumetric depletion focused around 1 km. We note that the completion zone for Vonderahe 1 is roughly between 0.6
km and 1.7 km.
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Figure 4: Volume-rate parameter tradeoff. Each frame shows contours of log-likelihood at the given volumetric
contraction rate, for each of the four sources in the inversion (see inset map), with the lightest colors
representing the highest likelihood: (A) source 1 versus source 2, (B) source 1 versus source 3, (C) source 1
versus source 4, (D) source 2 versus source 3, (E) source 2 versus source 4, (F) source 3 versus source 4. In each
frame the red box shows the reported variation at the SSGF, where the sides of the boxes show the range of
aggregate net-extraction rates between 2003 and 2010; in (A) — (C) the vertical rectangle shows the 95%
confidence interval from Barbour et al. (2016). The strengths of source 1 is linked to the strength of source 2,
suggesting they are from the same physical mechanism; sources 3 and 4 appear to be independent of each other
and of sources 1 and 2. Volume rate units are in log m® yr™'.
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Figure 5: Depth parameter tradeoff. Each frame shows contours of log-likelihood at the given depths of volumetric
contraction, for each of the four sources in the inversion (see inset map), with the lightest colors representing the
highest likelihood: (A) source 1 versus source 2, (B) source 1 versus source 3, (C) source 1 versus source 4, (D)
source 2 versus source 3, (E) source 2 versus source 4, (F) source 3 versus source 4, which has no clear
maximum, indicating they represent completely independent mechanisms. In (A) — (C) the vertical dashed lines
show the range of 95% confidence intervals from Barbour et al. (2016). The depth of source 1 is linked to the
depth of source 2, suggesting they are from the same physical mechanism focused at ~1 km; sources 3 and 4
appear to be independent of each other and of sources 1 and 2. Depth units are in km.

4.1 Relation to SSGF operational parameters

Fitting the PS-InSAR data with multiple volumetric sources yields a set of mass-loss estimates that are more than an order of magnitude
larger than the reported aggregate annual mass loss for the SSGF, although they are in closer agreement than estimates from a single-
source model results. It is not clear why the estimated fluid loss rates are so high, but possibilities include a lack of accounting for
tectonic subsidence, compaction, thermoelastic effects, uncertainties in model parameters and assumptions, and errors in measured mass
production/injection rates. There is considerable uncertainty associated with the monthly data used to calculate the aggregate rates,
because of the difficulties inherent in quantifying flow rates, but these are not expected to be more than ~10% (M. Woods, personal
communication, 2016).
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Furthermore, this parameter discrepancy highlights a severe deficiency in the assumptions used in the base model of surface
deformation, where volumetric strain nucleates at a depth greater than the thickness of the reservoir. Specifically, for depletion from a
spatially extensive reservoir like the SSGF, with differing characteristics across the field (e.g., Hulen et al., 2002, 2003), a simple point-
source model is clearly inappropriate. If there is hydraulic communication occurs across the reservoir, and significant variations in cap
rock depth and thickness, these conditions could either attenuate or amplify volumetric strain contributions (e.g., Allis, et al., 2009). At
the SSGF, completion zones at production wells are open from the bottom of the casing to the total depth of the well; our models cannot
account for this. Furthermore, our models predict subsidence across the entire domain, which is not consistent with the velocity
estimates and undoubtedly introduces a bias in best-fitting source parameters. A more realistic modeling approach would consider
poroelastic effects from fluid injection and fluid extraction, thermoelastic coupling, fracture compliance and permeability, and
permeability changes; all evaluated in a realistic 3-D geo-hydrologic model of the SSGF reservoir — the subject of future investigations.

4.2 Subsidence prior to geothermal production

Considering the style of tectonics associated with the Salton Trough — a transtensional pull-apart basin — it can be expected that some
proportion of the observed subsidence is natural, as we have suggested. Geodetic studies prior to geothermal production are limited, but
show a broad pattern of subsidence in the Salton Trough attributed to faulting and sediment compaction (e.g., Lofgren, 1979), with
highest rates observed near the southern Salton Sea. However, these data are often based on interpolations of large scale leveling
surveys, which have large uncertainties, and do not capture the complex spatial pattern revealed by spatially dense PS-InSAR data (i.e.,
Eneva et al., 2012).

Long-term trends in groundwater level time series have been used to infer horizontal tilt rates (Wilson and Wood, 1980) and vertical
motion (Hudnut and Beavan, 1989) in the Salton Trough, but there is generally poor spatial coverage, and the results depend strongly on
assumptions of porosity and hydro-mechanical parameters of the rock, which are difficult to verify. But if the tilt rates in Wilson and
Wood (1980) are representative of pre-production rates, then post-production rates implied by Eneva et al. (2012) are more than two
times greater than pre-production values at most locations.
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Figure 6: Vertical rates at PS07 (Red Hill). A: Timeseries of the combined SOPAC/JPL solution. B: Residual timeseries
after removing a long-term trend of -13.6 mm yr™ and coseismic offsets for (a) the 2010 M7.2 El Mayor Cucapah
earthquake, (b) a network adjustment, and (c) the 2012 Brawley swarm. C: Map showing the location of P507
compared to leveling data from 1976 to 1977 [modified from Crow and Kasameyer (1978, their figure 2)].

We compare leveling data collected prior to production with modern geodetic data and find marked disagreement: the Red Hill volcanic
butte, for example, is subsiding at a rate of 13.6 £ 0.1 mm yr' based on continuous GPS observations at P507 since late 2005 (Figure 6);
whereas, maps from Lofgren (1979) suggest nearly three times that rate because of interpolation across a sparse grid of benchmarks.
Crowell et al. (2013) survey benchmarks emplaced prior to production, finding a similar pattern of broad-scale subsidence; however,
because those benchmarks were surveyed only once prior to production, the rates they observe near the Salton Sea and Brawley
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geothermal fields represent a mixture of natural and anthropogenic signals and cannot be relied upon to assess pre- versus post-
production differences. Crow and Kasameyer (1978) study the motion of a local array of benchmarks in the SSGF over the span of a
year prior to production of the reservoir. They did not survey Red Hill, where P507 is, but the nearest benchmark (~ 1 km to the east,
Figure 6C) shows a subsidence rate of 7.4 mm yr"' (no uncertainties are reported), and many benchmarks along the east side of the field
show uplift. Indeed a number of benchmarks in Crow and Kasameyer (1978) show subsidence, but their spatial pattern resembles a
swale focused between uplift features and anti-correlated with the contemporary subsidence field (Figure 7).

Vertical Velocity Relative to Obsidian Butte
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Figure 7: Vertical velocities at the SSGF, relative to rates at Obsidian Butte, before and during production. Left:
Velocity field based on leveling data from 1976 to 1977 (Crow and Kasameyer, 1978), prior to major production
(which began in 1981 and reached net-production conditions by 1989). Right: Velocity field based on Envisat
PS-InSAR data from 2003 to 2010 (Eneva et al., 2012), during major production. Top: Velocity predictions from
empirical Bayesian kriging, with contours as noted and locations of SSGF wellheads. Bottom: Uncertainties in
the kriged velocities, with velocity contours for reference; the polygons encompass a convex hull around the
locations of the original data. Velocities are in mm yr'. Map projections are UTM-11N.

4.3 Changes in reservoir pressure

Without temporal data on reservoir pressures that can be correlated with observed surface displacements, it is difficult to confirm the
nature and magnitude of the poroelastic effect that we suggest is the most significant control on subsidence at the SSGF. Wellhead
pressures are publically available, but like the wellhead temperature records these data do not accurately reflect downhole pressures.

Public time series from the Imperial Irrigation District’s observation well IID-7 show a pressure decline of ~ 8 psi yr™! (~0.056 MPa yr'")
from 1989 to 1992, sampled at a depth of 244 m — approximately the depth of the reservoir caprock. If the undrained, isothermal
volumetric strain associated with this pore pressure change is € = p/Bx (e.g., Roeloffs, 1996), where B is Skempton’s coefficient
[about 0.5 for sandstone, independent of differential stress (Lockner and Stanchits, 2002)] and k is the elastic bulk modulus (about 4.2
GPa from velocity logs at IID-7), then a pore pressure reduction of 8 psi yr'' would induce a 2.6x107° yr'! contractional strain rate in the
rock. [For reference, strain rates at the southern San Andreas Fault, at Durmid Hill, are on the order of 107 yr'' (Agnew and Wyatt,
2003).] Then, if the main subsidence anomaly, uy, is to be explained by a spherical body directly below the anomaly, then the tradeoff
between the volume-change and depth of the sphere is AV =~ 3d?u;/16 ~ 9.8 d?, assuming an undrained Poisson’s modulus of 0.33.
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Such volume/depth tradeoff conditions would require either a small volume deforming at shallow depths (< 300 m), or a large volume
deforming at much greater depths (>> 300 m). In any case it is unlikely that pressure changes are equivalent across the field, because of
the varying thermo-mechanical structure of the reservoir, and varying levels of production across the field. Even though a trend of -8 psi
yr'! is seen at IID-7, this was observed more than two decades ago, around the time when net production rates were increasing (with
further development of the field to come), and at a depth which may not be an adequate representation of pressure across the completion
zone. Perhaps the effects of cumulative mass loss are likely stronger now, and contemporary pressure changes in the reservoir are
substantially different. Ideally this supposition could be tested with data from the deep observation wells.

5. CONCLUSION

Using non-linear inversions we find that the most likely mechanism explaining the high rates of subsidence at the SSGF is the ongoing
fluid-mass loss associated with produced fluids from geothermal field operations. Parameters from two sources in our model,
representing the largest subsidence anomalies, are linked to each other in likelihood space; these are focused at depths comparable to
completion zones at production wells in the SSGF. The difference between the expected deformation from fluid extraction at the
reported rates and our best-fitting model parameters is too large to attribute to uncertainties in the reported flow-rates or inaccurate
assumptions of material properties, and might be due to plasticity effects that a poroelastic model cannot account for. However, the
spatial patterns of subsidence clearly resemble that calculated for this set of mass-loss sources. This finding does not preclude the effects
of natural sources manifesting in surface deformation, but we suggest that natural sources are not as significant in comparison to
anthropogenic sources. Indeed, tectonic features (i.e., active faults) that compartmentalize the geothermal reservoir may be influenced
by extraction-related stress changes, but because point-source models are clearly unrealistic, our findings warrant a detailed
geomechanical investigation involving borehole fluid pressure monitoring, numerical simulations, and (where available) detailed
information on reservoir geometry and physical properties.
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